We describe a monolithically integrated THz transceiver consisting of a Schottky diode embedded into a THz quantum cascade laser (QCL) waveguide. Besides functioning as a heterodyne receiver for externally incident radiation, the device is a useful tool for characterizing the performance and dynamics of the QCL. Here we present an overview of the device, demonstrate receiver operation, and present laser dynamics measurements especially related to feedback of the QCL's emission due to retroreflections.
INTRODUCTION
THz quantum cascade lasers have achieved the level of performance [1] [2] [3] [4] required to begin exploring their use in applications. [5] [6] [7] One application that is particularly of interest is using THz QCLs as local oscillators for heterodyne receivers, especially for astrophysical instruments. Typically the QCL is used as a standalone device, and the output of the laser is collected and refocused onto separate detectors such as hot-electron bolometers 8, 9 or Schottky diodes. 10, 11 While this allows separate optimization of the laser local oscillator and the heterodyne mixer receiver, it requires precise placement and alignment of additional optical components to couple the two elements together. The resulting system is much larger than the typical QCL or mixer.
Besides their compact size, the microelectronic nature of THz QCLs enables one to integrate them with other components on the same chip to make THz photonic integrated circuits (IC). While integration should lead to higher functionality devices as it did in microwave and infrared photonics, so far integration of THz QCLs has mostly been limited to adding passive microwave components to improve emitted beampatterns. [12] [13] [14] [15] By integrating a Schottky diode into the core of a THz QCL we created a monolithically integrated THz transceiveron-a-chip (first described in Ref. 17 ). This THz photonic IC performs all the basic receiver functions performed by discrete component THz photonic systems but at a small fraction of the size and in a robust platform scalable to semiconductor fabrication production. This paper will present further details on our microelectronic THz transceiver. Our goal here is to give a very brief overview of some of the capabilities of the transceiver -full explanations will be published elsewhere.
DEVICE FABRICATION
In a typical transceiver, a local oscillator source is coupled to a separate mixer via an optical or waveguided path. IN contrast, our transceiver integrates a Schottky diode into a small opening in the top contact metallization of a typical THz quantum cascade laser ( Fig. 1 ) so they are monolithically coupled. In THz QCLs cladding layers are not used so the internal lasing field has a strong overlap with the semiconductor metal interface. Since the Schottky diode is formed on this interface, a portion of the internal propagating field inside the QCL cavity is coupled to the diode, eliminating the propagation path between the source and mixer. The non-linearity of the diode current-voltage(I-V) characteristic serves to rectify and mix the THz fields inside the laser to provide d.c. and RF responses. The laser active material (based on a design in ref 16 18 cm −3 . The doping of the top layer was chosen to be high enough to allow reasonable ohmic contacts to be formed with the top contact metal , but low enough that a titanium layer at the interface still formed a Schottky barrier for the diode. Data from two different growths (VB0158 and VB0166) of nominally the same design are presented in this work. Different lasers from each wafer are also presented.
The diode consists of a 1 micron diameter Ti/Au metal contact to the n+ contact layer of the laser and therefore sits directly on top of the active laser material. In order to allow measurement of the rf response of the integrated mixer at frequencies up to 25 GHz, an RF waveguide extends from the diode to the outside of the cryostat used to cool the device. A coplanar transmission line was connected to the mixer and brought the rf signal to the edge of the GaAs chip. The center trace of the transmission line was connected to the diode anode while the ground lines were shorted to the top contact of the laser (which also served as the diode cathode). Wire bonds connected the on-chip transmission line to a larger co-planar transmission line on a custom circuit board, which in turn was connected to a SMA end launch connector into a coaxial transmission line to bring the signal out of the cryostat and to the microwave measurement apparatus. The circuit board, wirebonds, and QCL traces were simulated from 1 GHz to 20 GHz. The return loss is better than 16 dB in all cases and the insertion loss is less than 0.25 dB. Further details on the construction and operation of the transceiver are provided in ref. Return loss -S11, S22 (dB) Insertion Loss -S21 (dB) Frequency (GHz) A picture of a fully mounted device is shown in Fig. 3 . Both the laser and the circuit boards are soldered to a copper block to improve heat sinking. The SMA connector ground tabs are soldered to the circuit board and copper mount. The center pin is wirebonded to the circuit board. The board on the right handles all the mixer connections, while the board on the left handles all the laser connections. Keeping the grounds separate prevents the high currents from the laser from flowing on the mixer ground lines, reducing the noise in the diode circuit. 
EXPERIMENTAL RESULTS

Basic Characterization of Transceiver Components
Laser L-I-V
The performance of integrated lasers was comparable to lasers made from the same wafer material but without a diode. The light-current-voltage curves under DC bias were measured using an HP 6038A power supply as the voltage source/current monitor and a Si bolometer to measure the light output. The sample was cooled in a Janos cryostat to between 4 -70 K (the operating temperature range of the QCL). The emitted THz radiation passed through a FTIR on the way to the detector so that we could also measure the spectra.
A representative LIV curve is shown in Fig. 4 . While the laser power was not calibrated during this LIV measurement, a subsequent measurement with the same laser yielded a peak power a little over 3 mW. The threshold current and voltage for this particular laser are 360 mA and 2.55 V respectively, while the peak power occurs at 750 mA and 3.70 V. Above this bias, negative differential resistance begins and the laser power drops rapidly. 
Schottky diode dc response
Figure 5(a) shows the integrated diode I-V curves for typical integrated diode, both when the laser is off and for different applied laser currents. It is difficult to see any change in the curves as a function of the laser power on a log plot. However, as the laser current is increased above threshold there is a small change in the diode current which tends to increase as the laser current increases. 
where I D is the diode current with the laser biased, and I 0 is the diode current when the laser current is zero. The percentage change in the current decreases as the diode bias increases, exhibiting a maximum response of roughly 30 percent. No change in the IV is observed below threshold, suggesting that the change in current is only due to the diode rectifying the THz fields present in the laser. 
Spectral measurements
The device generates two different types of spectra. THz radiation is emitted into free space from the laser facets while GHz signals generated by mixing two or more frequencies in the diode are coupled out via the RF waveguide. Because the THz QCL gain media has a broad bandwidth and we intentionally made Fabry-Perot cavity type QCLs, the lasers simultaneously generate multiple THz frequencies. The frequency separation between different longitudinal modes is set by the cavity length and for the 3 mm cavity length of the lasers, the mode separation is close to 13 GHz. The internal field inside the laser cavity will be a superposition of the fields of all of the lasing modes, and therefore the envelope of the electric field amplitude at the Schottky diode will exhibit beating at frequencies corresponding to the difference frequencies between the lasing modes. By connecting a spectrum analyzer to the diode, we can also measure the spectral response of the Schottky diode to accurately determine the frequency separation between the lasing modes. The internal beat frequency between the QCL modes has also been monitored by directly measuring the bias across the laser. In this case it is assumed the non-linear element that mixes the frequencies is the non-linear IV of the laser itself.
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The THz spectrum was measured using a Bruker 66v Fourier transform infrared spectrometer (FTIR). The sample was mounted as for the L-I-V measurements in a helium flow cryostat, which allows tunable control of the sample temperature. Figure 6 (a) shows the THz spectra for laser VB0166pJb2C biased at 0.68 A at a heat sink temperature of 4K. At this current bias, the laser lases at 12 distinct frequencies. For our 3mm long mixer laser, the mode spacing measured by the FTIR is roughly 12.8 GHz, as shown in the figure. One thing to note is that the peaks in the spectrum are broad and overlap each other. The spectrum in Fig. 6(a) does not show the true linewidth (< 1 MHz) of the laser modes due to the relatively low instrumental resolution around 8 GHz.
The beat frequencies of the internal modes of the laser were measured using an HP 8563E electrical spectrum analyzer (ESA). Figure 6 (b) shows a beat frequency of 12.82 GHz and a mixing amplitude of 25 dB for a laser bias identical to that used for the FTIR data. We can immediately see that the linewidth of this measurement is orders of magnitude smaller than the linewidth in the FTIR measurement. For this data, the output of the co-planar waveguide was fed to the input of the ESA without any bias on the diode and with no amplifiers in the RF measurement chain. The laser is operating under the same conditions as previously described for the FTIR measurement since the two measurements were taken simultaneously.
Demonstration of Receiver Operation
The above clearly demonstrated that a diode placed on top of the laser responds to the internal laser fields. The device also operates as a receiver and detects externally applied radiation. To demonstrate this we injected THz radiation from a molecular gas laser (Edinburgh Instruments : FIRL 100) into the mixer. We chose the 2.841143 THz laser line of the molecular gas far-infrared laser (FIRL) (using diflouromethane). This frequency is between two of the longitudinal modes of the QCL to ensure that the beat frequency between the FIRL line and at least 2 QCL lines was within the rf bandwidth of the measurement. (see Fig. 8(b) ). To couple the external radiation into the diode, we first attempted to use a quarter wave dipole antenna mounted on top of the diode. To make the antenna, we used a focussed ion-beam (FIB) tool to attach a 3.8 micron diameter tungsten wire on top of a previously processed (and tested) diode. With the wire held in place by a micromanipulator, the FIB deposited platinum at the base of the wire to attach it to the top of the diode. A SEM image of the antenna is shown in Fig. 7(a) . The antenna was tilted at an angle so that external radiation incident normal to the top surface of the QCL would couple to the antenna. To optimize the placement of the antenna in the FIRL beam (with the beam normally incident on the top of the laser in order to minimize coupling through the laser facets or sides), the transceiver was scanned in the 2D plane normal to the incident beam propagation direction. With the electric field polarized perpendicular to the long axis of the laser (i.e. pointing from one side to the other side of the QCL), no coupling was observed independent of the position of the focal spot. With the electric field polarized along the long axis of the laser (i.e. pointing towards both facets), the beat signal between the FIRL and the QCL was observed, but not when the FIRL illuminated the antenna (which was at the mid-point of the QCL). Instead the mixing signals were observed when the focal spot of the FIRL was near the facets of the QCL. The spatial dependence of the amplitude of the mixing signals is shown in Fig. 7(b) , where one can see two spots, separated by 3 mm (the length of the laser). Thus even though the incident beam is parallel to the facet surface, enough light scatters into the facets to excite the diode. It is possible that the lack of response when the diode was illuminated is the result of high parasitic capacitance around the diode which shunts the currents excited in the antenna.
Since external radiation can couple through the end facets of the QCL, subsequent measurements explicitly focussed the external radiation more directly into the facets (typically close to normal incidence). Fig. 8(a) shows a typical spectrum captured by the spectrum analyzer when the laser facet is illuminated by the FIRL. The spectrum contains the beat frequency of the longitudinal modes of the QCL (central peak) and two additional peaks. The lower frequency peak results from the FIRL beating against the nearest QCL longitudinal mode higher in frequency as indicated in Fig. 8(b) . The higher frequency peak results from the FIRL beating against the next nearest QCL mode lower in frequency. For this measurement a MITEQ JS4-01002000-27-5P rf amplifier was inserted between the mixer and the spectrum analyzer to increase the signal, giving greater than 10 dB signal to noise of the received signal. For the mixing results in Figs. 6, 7 and 8, the diode was unbiased. shows what happens to the mixer response as a function of the diode bias. Independent of the laser current the mixing response appears relatively flat for diode biases below 0.2V. Above this bias the mixing response starts to drop and is roughly 4 dB down at a diode bias of 0.8 V. Since there is no loss of signal and it is simpler, the rest of the measurements that will be presented were also taken with the diode bias set to 0.0 V.
Examples of using the Transciever to Characterize the Laser
Current and temperature tuning
The frequency of the diflouromethane line from the FIRL is known to be 2.841143 THz to within a few MHz. Since the beat frequency between the QCL and the FIRL is the difference between the two frequencies and the beat linewidth is on the order of a MHz, we can determine the frequency of the QCL modes to within a few MHz. This is much higher resolution than is achievable with a Fourier transform spectrometer. As an example of how we can take advantage of this spectral resolution, we can accurately measure the frequency tuning of the QCL as a function of current or heat sink temperature, 19 but with an external mixer and additional optics. Figure 10 (a) plots the peak positions recorded by the spectrum analyzer as a function of the QCL current. Fourier transform spectrometer measurements show that the QCL frequency redshifts as the current is increased. With this information we can assign the three peaks seen in the diode spectrum. (1) The center peak corresponds to the longitudinal mode spacing as in Fig. 8(a) . (2) The peak that increases in frequency with increasing laser current corresponds to the beat frequency between the QCL mode (m1) close to 2.828 and the FIRL. (3) The peak that decreases in frequency with increasing laser current corresponds to the beat frequency between the QCL mode (m2) close to 2.854 and the FIRL. The actual frequency of the two QCL modes calculated by using the data in Fig. 10(a) are plotted in Fig. 10(b) . At first glance the tuning rate of the modes appears to be nearly linear with a rate close to -5.6 MHz / mA. However, as can be seen upon close investigation of the beat freuqency of the QCL longitudinal modes (Fig. 11(a) ), the frequency separation between the QCL modes is redshifting in a nonlinear way and therefore the QCL frequencies are also tuning nonlinearly. The parameters for a quadratic fit to this tuning rate are provided in Fig. 10(b) . We performed similar high-resolution tuning measurements as a function of the QCL heat sink temperature. As shown in Fig.  11(b) the tuning rate of the QCL modes is not only nonlinear, but also non-monotonic.
Injection locking
We saw in Fig. 10(a) , that for a certain current the frequency of one of the QCL modes must be equal to the FIRL frequency (i.e. δ = 0 as defined in Fig. 8 ). Fig. 12 shows what happens in more detail as the QCL frequency is tuned across the FIRL frequency. For this measurement the current was ramped from 556 mA to 574 mA in 0.1mA steps and the intermediate spectrum was recorded at each step. Between 564 mA and 568 mA, only one peak remains in the spectrum indicating that over this current range the frequency of one QCL mode remains locked and equal to the FIRL frequency. This is an indication that the QCL is injection locked to the FIRL line when the difference in frequency between the QCL and the FIRL is below 23 MHz. Unfortunately, the amount of power coupling into the QCL was not measured and we have not yet measured the locking bandwidth as a function of the incident power. The fact that we still see a strong beat signal at 12.95 GHz when the laser is injection locked demonstrates that the QCL spectrum does not collapse into the single longitudinal mode but is still emitting into at least two longitudinal modes. Since we know the frequency separation very accurately and we know the frequency of one mode accurately, we know the absolute frequency of all of the QCL modes when it is locked. 
Feedback
The observation of injection locking demonstrates that the QCL frequency is sensitive to external THz fields coupled in through the facet. When we were adjusting the QCL position to maximize the injection of the FIRL into the facet, we also observed that the longitudinal mode spacing was pulled around even when the FIRL frequency was not close to one of the QCL modes. The frequency pulling persisted even when the FIRL was not on, indicating that the QCL was responding to some of its own emission being retro-reflected back onto the facet. Sensitivity to feedback is well known in semiconductor lasers, including QCLs. 11, 18, 20 Feedback has even been used in combination with using a QCL as the emitter and its own detector to determine the linewidth enhancement factor of a mid-infrared QCL.
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To explore the feedback in a more controlled fashion, we placed a flat mirror close to the laser but after the QCL beam had been collimated by an off-axis parabolic (OAP) mirror to reflect the QCL power back on itself (see Fig. 13 ). The off-axis mirror was 2 inches in diameter and had a 4 inch focal length. The flat mirror was placed on a translation stage so that its distance to the OAP could be adjusted. The cryostat holding the QCL was also on a 3-axis translation stage to allow us to position the laser in the focus of the OAP. A ring pattern is clearly observed in this image, where the beat frequency varies by more than 70 MHz (much wider than the linewidth of any one mode), and the mixing amplitude varies by more than 30 dBm. In fact there are a few positions in which the mixing amplitude drops below the noise floor of the spectrum analyzer (-70 dBm). From other measurements we know that the total laser power fluctuates very little even when the mixing signal disappears, indicating that either the feedback has forced single mode operation of the laser or it has selectively suppressed nearest neighbor modes. The offset of the ring pattern from the center of the image is due to a slight misalignment of the optics. Effectively we have made a coupled cavity laser with one of the cavities being external to the laser. As the laser position is scanned the effective path length of the external cavity (and hence the phase of the return beam) changes and this change pulls the laser frequency and influences the relative amplitude of the QCL modes.
Scanning the retroreflector distance Besides scanning the QCL position we can also scan the external cavity length more directly by directly moving the retroreflector. The flat mirror was scanned along the propagation direction of the radiation, effectively scanning the phase of the returning radiation. Results from a typical 1 mm scan of the retroreflector distance are shown in Fig. 15 . Again a clear modulation of the amplitude and frequency of the mixer signal is observed. In this case the modulation is quasi-periodic with a period corresponding to λ/2, half of the QCL wavelength in free space. The amplitude and frequency are not quite identical every period, which is a consequence of the laser running on multiple wavelengths so that λ/2 is sligthly different for each of them. In other words, when the mirror is moved by one "period", the phase for each mode is not identical as for the previous period. Most of the time the beat frequency is single-valued, but for certain positions of the mirror, the mixer response can become multivalued. Figures 15(c) and 15(d) highlight two different spectra: one at X = -6.3075 mm and the other at X = -6.305 mm, where the multi-valued emission is clearly seen. In one case the spectrum has bifurcated into a comb of frequencies with a frequency span of roughly 400 MHz. In the other case, the power appears to be spread continuously over a couple of hundred MHz. These features appear to signal the onset of chaos caused by the external cavity feedback.
The bifurcation and spectrum spreading would not be observable with our Fourier transform spectrometer, but with our mixer we can resolve fine details of the resulting spectrum. Other heterodyne measurements using standalone mixers could resolve this detail as well, but reflections off of the mixer would also lead to different feedback effects. By measuring the beat frequencies in the laser itself, observation of the effect of retroreflected feedback is simplified.
Understanding the sensitivity to this feedback will be an important area to explore in the future as any real system will have back-reflections which may alter the behavior of the laser. This feedback may also have implications regarding standard characterization techniques for QCLs. For example, FTIRs have a scanning mirror which will reflect some of the power back into the QCL. Since we have already seen that the number of modes in the laser can depend on this feedback, it raises the question of how much the FTIR determines the laser performance. This could explain some unexplained power fluctuations that we have observed when measuring QCLs in the FTIR, when they have stable power in other measurements.
CONCLUSION
By integrating a Schottky diode into the core of a THz QCL we created an integrated THz transceiver-on-a-chip. This THz photonic IC performs all the basic receiver functions performed by discrete component THz photonic systems (e.g., transmission of a coherent carrier, heterodyne reception of an external signal, frequency and phase locking and tuning), but at a small fraction of the size and in a robust platform scalable to semiconductor fabrication production.
Besides operating the transceiver as a heterodyne receiver, we have begun using it to explore various behaviors and dynamics of the QCL itself. This ranges from simply measuring temperature and current tuning of the frequency to very high resolution, to more complicated demonstrations of injection locking or feedback sensitivity. Many of the observations made possible with the integrated device would be difficult or impossible to measure using an FTIR. Most could be performed using heterodyne systems built up of separate components, but at the cost of additional complexity.
